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ABSTRACT 
Low-oxygen treatments were applied to pregerminated impatiens 
(Impatiens wallerana Hook. f. 'Super Elfin Salmon Blush') seeds (ps) to 
suppress radicle growth during a subsequent one-day simulated shipping 
period in air. For atmospheres that contained 0, 3, or 7% 02 , the 
response of radicle elongation to 02 concentration was approximately 
linear for both 24- and 48-hr treatments. Only 0% 02/24- and 48-hr 
treatments successfully held seedling length to less than l.Omm, but both 
treatments caused irreversible damage to seedlings. Exposure of ps to 
atmospheres that contained 1 or 2% 02 for 24 or 48hr resulted in control 
of radicle elongation and, with the exception of the 1% 02/48-hr 
treatment, did not cause permanent damage to seedlings. Exposure of ps to 
atmospheres that contained 1.5% 02 for either 24 or 48hr resulted in 
successful control of radicle elongation. Some permanent damage to 
seedlings occurred with the 1.5% 02/48-hr treatment but not with the 1.5% 
02/24-hr treatment. Exposure of ps to low-02 atmospheres for 12hr caused 
no permanent damage to seedlings regardless of the 02 concentration used, 
but it caused some loss of ability to control radicle elongation when 
compared with 24-hr treatments. These results show that treatment of ps 
with atmospheres that contain 1 to 2% 02 for a duration of 12 to 24hr 
controls radicle elongation of ps, but does not cause subsequent permanent 
damage. 
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GENERAL INTRODUCTION 
Utilization of plug-production techniques has resulted in greater 
efficiency of bedding plant production in the United States. In this 
procedure, seeds germinate in individual cells of a plug tray, and this 
helps the grower to provide optimal growing conditions for each seedling. 
Empty cells cause suboptimal utilization of greenhouse space, and they 
decrease the efficiency of mechanical transplantation of plugs into larger 
containers. Therefore, a maximal germination percentage is critical for 
optimal efficiency. 
Efforts to improve germination percentage have concentrated on 
cultural practices, such as determination of optimal environmental 
conditions for each cultivar and on seed treatments that enhance 
germination and seedling establishment. Seed treatments for various 
species include: 1) coating or pelleting to increase the accuracy of 
mechanical sowing; 2) osmotic priming to improve germination parameters, 
such as time to emergence, uniformity of germination, and germination 
under suboptimal conditions; and 3) pregermination to decrease time to 
emergence and to eliminate nonviable seeds (Taylor and Harman, 1990). 
Pregermination of seeds is a technique that holds promise for 
increasing stand establishment of cultivars that are characterized by low 
germination percentage and/or nonuniform germination. However, 
improvements in many practical aspects of this procedure must be made 
before it can be adopted commercially. For example, the generation of 
pregerminated seeds at a central facility for subsequent shipment to a 
remote facility requires that radicle elongation be controlled during 
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shipment so that seedlings can be sown mechanically with minimal damage. 
Several methods to control radicle growth during storage of pregerminated 
seeds have been tried, and these include low-temperature storage 
(Brocklehurst et al., 1980), storage in gels (Frazier et al., 1982; Pill 
and Fieldhouse, 1982), controlled drying of pregerminated seeds (Finch-
Savage and McKee, 1988; McKee and Finch-Savage, 1989), and vacuum- or 
nitrogen-storage in plastic film (Ghate and Chinnan, 1986; 1987). The 
success of these treatments was variable, and none provided a method of 
controlling radicle length at the warmer temperatures that could be 
encountered during the shipment of pregerminated seeds. 
The overall objective of this research was to investigate the use of 
low-oxygen atmospheres as a method of controlling radicle elongation of 
pregerminated impatiens seeds. The specific objectives were to: 1) 
determine which oxygen concentrations effectively control radicle growth 
of pregerminated impatiens seeds; 2) determine the effect of various 
exposure durations of the 02 treatments on pregerminated impatiens seeds; 
and 3) determine which combination(s) of oxygen concentrations and 
exposure durations provide acceptable control of radicle elongation and 
subsequent normal growth of pregerminated impatiens seeds. 
Explanation of Thesis Format 
This thesis is arranged in the alternate format that consists of 
four papers that will be submitted to scientific journals. Gary Polking 
was the principle investigator on all research reported herein, and he is 
the first author on all four papers. Drs. Gladon and Koranski served as 
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the Co-major Professors for Gary in his research and are listed as authors 
on all papers. 
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SECTION I. GROWTH AND DEVELOPMENT OF PREGERMINATED 
IMPATIENS SEEDS EXPOSED TO 0, 3, 7, 10, 13, 
OR 20% OXYGEN FOR 24 OR 48 HOURS 
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ABSTRACT 
Pregerminated impatiens (Impatiens wallerana Hook. f. 'Super Elfin 
Salmon Blush') seeds (ps) were exposed to atmospheres that contained 0, 3, 
7, 10, 13, or 20% 02 for either 24 or 48hr. Exposure of ps to atmospheres 
that contained 10 or 13% 02 for either 24 or 48hr resulted in radicle 
elongation comparable to that of ps exposed to 20% 02 • For atmospheres 
that contained 0, 3, or 7% 02 , the response of radicle elongation to 02 
concentration was approximately linear for both 24- and 48-hr treatments. 
Only the 0% 02/24- and 48-hr treatments successfully held seedling length 
to less than l.Omm. Both 0% 02/24- and 48-hr treatments increased 
abnormal seedling percentage and decreased five-week shoot dry weight. A 
reduction in seven-day hypocotyl length also was observed for the 0% 
02/48-hr treatment. 
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INTRODUCTION 
Plug system technologies have increased the efficiency of plant 
production. Optimal plug production requires that seeds germinate 
uniformly and in high percentage. Many desirable ornamental species 
exhibit relatively low germination percentages (Cathey, 1969a; 1969b; 
1969c), and this could preclude the use of plug trays for their 
production. Substantial increases in stand establishment have been 
achieved for a number of species by using pregerminated seeds (Biddington 
et al., 1975; Finch-Savage, 1984a, 1984b; Gray and Steckel, 1977; Taylor, 
1977). 
Similar improvements probably could be realized for various 
ornamental species, but the generation of an adequate number of uniform 
pregerminated seeds from a species characterized by nonuniform germination 
could require multiple separations of germinated seed from nongerminated 
seed. The resultant scheduling problems probably would render this 
procedure impractical, especially for growers for whom the production of a 
given species is limited. Generation of pregerminated seeds at a central 
facility and subsequent sowing at remote facilities would increase the 
efficiency of plug production from pregerminated seeds. However, it would 
require methods to limit radicle elongation during shipment so that 
subsequent damage from handling and mechanical sowing could be minimized. 
Several methods have been devised to slow radicle growth during 
storage of pregerminated seeds. Brocklehurst et al. (1980) demonstrated 
that storage of pregerminated seeds in aerated water at lC controlled 
radicle elongation of carrot and onion seedlings but not cabbage and 
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lettuce. Storage of pregerminated seeds in gels at low temperatures has 
resulted in decreased emergence of tomato seeds (Pill and Fieldhouse, 
1982) and decreased vigor and a greater number of abnormalities of 
snapdragon seeds (Frazier et al., 1982). Viability and vigor of 
pregerminated cabbage seeds were maintained after gradual drying at 20 to 
30C (Finch-Savage and McKee, 1988). 
In contrast, pregerminated rape seeds, which had been treated with 
abscisic acid (ABA) and dried, had a six-day seedling length that was 
significantly less than that of untreated pregerminated seeds (McKee and 
Finch-Savage, 1989). The same authors observed greater viability of 
dried, ABA-treated seeds after a storage period of up to 100 days at -20C. 
The postemergence vigor of these seeds was not assessed. Ghate and 
Chinnan (1986, 1987) demonstrated that the use of nitrogen-filled or 
evacuated plastic film to store pregerminated seeds resulted in some 
control of radicle elongation at 7C but little or no control at 20C. This 
study was designed to investigate the effects of using low-oxygen 
treatments to suppress radicle growth temporarily during a simulated one-
day shipping period. 
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MATERIALS AND METHODS 
Plant Material and Generation of Pregerminated Seeds 
Impatiens (Impatiens wallerana Hook. f. 'Super Elfin Salmon Blush') 
seeds (one single seed lot used for all tests) were obtained from 
PanAmerican Seed Co., West Chicago, IL. Pregerminated seeds (ps) were 
generated as follows: 170 seeds were placed on top of two layers of water-
saturated, Steel Blue Anchor Seed Germination Blotterrn (Anchor Paper, St. 
Paul, MN) in each 22.5-cmxlS.O-cmxS.O-cm plastic box. Boxes were sealed 
with plastic film (Saran Wraprn) and black plastic electrical tape. Seeds 
were started at 0 (five boxes), 24 (five boxes), and 48 hr (two boxes) to 
allow synchronization of the treatments. Pregermination required 72 hr to 
obtain ps that possessed the desired radicle length (0.0 to 0.25mm). 
During the pregermination period, boxes were placed in growth chambers 
maintained at 25±1C continuously, as sensed by copper-constantan 
thermocouples. Boxes received continuous irradiance from 40-Watt, cool-
white fluorescent lamps. Photosynthetic photon flux (PPF) inside the 
boxes was 105±10~mol·s- 1·m-2 , as measured with aLi-Cor model LI-185A meter 
equipped with a quantum sensor. 
Gas Treatment 
After selection for desired radicle length, pregerminated seeds were 
exposed to atmospheres containing 0, 3, 7, 10, 13, or 20% 02 in N2 for 24 
or 48hr. Two 0-hr treatments (untreated ps) were used as a control. 
Starting times of the 0-, 24-, and 48-hr treatments were staggered such 
that all three time treatments ended simultaneously. 
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Two layers of germination blotter were placed into each 9.2-cmx6.5-
cm xl.3-cm plastic box and lOml of deionized water were added to saturate 
the blotter. Twenty-five ps were placed onto the germination blotter in a 
5x5 pattern. The nine ps in the combined middle row and middle column of 
the pattern were allotted for use in the plug-tray recovery portion of the 
experiment. Data were recorded for the remaining 16 ps at the end of the 
gas treatment, the dark treatment, and the seven-day recovery parts of the 
experiment. The boxes were placed into wide-mouth, 946-ml mason jars, and 
the jars were sealed. Deionized water (approximately l.Sml) was added to 
each box every 24hr throughout the experiment to keep the germination 
blotter saturated. 
Desired 02 concentrations were obtained by using compressed N2 and 02 
gas and a two-stage, capillary-tube mixing system described previously and 
used with minor modifications (Diesburg et al., 1989). The composition of 
each gas mixture was verified at 12-hr intervals by using a Varian Model 
3700 gas chromatograph and appropriate standards, as described previously 
by Ahmad (1985). The gas-mixture flow rate through each jar was 
approximately 1890 ml·hr-1 (2 exchanges·hr-1). 
The experiment was conducted in three growth chambers that were 
maintained at 25±1C continuously, as sensed by copper-constantan 
thermocouples placed inside the jars. A continuous PPF of 105±10 
~mol·s- 1 ·m-2 from cool-white fluorescent lamps was used. 
At the end of the gas-exposure treatments, the seedling length 
(excluding the length of the seed inside the seed coat) was determined for 
each of the 16 ps (described previously) in each box assigned to the 24-
and 48-hr time-of-exposure treatments. 
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Dark Treatment 
After recording the end-of-gas treatment data, the gas composition 
in all jars was changed to that of ambient air, which was supplied by an 
air compressor. The air was filtered with two Balston A92 coalescing 
filters (Balston, Inc., Lexington, MA) to remove traces of compressor oil. 
The plastic boxes that contained the ps in the 0-hr time-of-exposure 
treatment (control) were placed into the jars, and the lamps in the 
chambers were turned off for a period of 24hr. The temperature of the 
chambers was maintained at 25±1C. At the end of the 24-hr dark-exposure 
period, the lamps in the chambers were turned on, and the seedling lengths 
were measured for each of the 16 seedlings in each box. 
Seven-Day Recovery on Germination Blotter 
After the dark-exposure period, the 16 seedlings were allowed to 
develop on the germination blotter for a period of seven days. 
Temperature and irradiance conditions were the same as those in the gas 
treatment part of the experiment, and the gas flow rate and composition 
conditions were the same as those in the dark treatment part of the 
experiment. At the end of the seven-day period, hypocotyl length of each 
seedling was measured, and the percentage of abnormal seedlings in each 
box was dete~mined. 
Five-Week Recovery in Plug Trays 
At the end of the dark-treatment part of the experiment, the nine 
remaining seedlings were transplanted into 406-cell plug trays (Blackmore 
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Co., Belleville, MI). Entire plug trays were cut to 5x5 plug cells and 
filled with growing medium (30% Sphagnum moss (<0.635 em), 30% Sphagnum 
moss (<0.363 em), 20% medium-grade vermiculite, and 20% sand-finish 
perlite (v/v/v/v)] amended with 2.0 kg·m-3 CaC03 The seedlings were 
placed in the innermost nine cells; the outermost 16 cells served to 
buffer against edge-drying effects. The plug-tray sections were placed 
into entire 406-cell plug trays to facilitate handling. 
The plug trays were placed in a greenhouse that was maintained at 
23±3C under natural irradiance conditions. Seedlings were watered with 
tap water one to two times daily during the first week, with an 
alternating regimen of tap water/half-strength Hoagland's solution 
(Hoagland and Arnon, 1950) during the second and third weeks, and with tap 
water/full-strength Hoagland's solution during the fourth and fifth weeks. 
At the end of the five-week recovery period, the shoots of the seedlings 
were cut off immediately below the cotyledonary leaves/leaf scars, and 
placed into paper bags inside a 67C drying oven for 72hr. At the end of 
the 72-hr drying period, dry weight of the shoots in each plug tray 
section was recorded. This number was divided by nine to give shoot dry 
weight per plug cell. 
Statistical Design and Analysis 
The 12 exposure-duration x 02 concentration treatments and the two 
0-hr control treatments were assigned to three growth chambers by using a 
randomized complete block design, with each chamber functioning as a 
block. The gas-treatment and dark-treatment parts of the experiment were 
replicated three times over time. The seven-day recovery on germination 
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blotter and five-week recovery in plug trays parts of the experiment were 
replicated two times over time. Linear and quadratic trend analyses were 
done by time on the 12 exposure-duration x 02 concentration treatments for 
all parameters in each part of the experiment. Factorial analysis and 
division into main effects and interactions were not done because the use 
of staggered starting times for the exposure-duration treatments 
invalidated this type of analysis. 
One-tailed t-tests were used to determine if mean seedling lengths 
at the end of the dark treatment were significantly less than l.Omm. 
Based on the findings of Gray (1978) and Finch-Savage and McKee (1988), 
l.Omm was selected as a seedling length that would be sufficiently short 
so that damage to the pregerminated seed during mechanical sowing would be 
minimal. Data from the two control treatments were averaged, and the t-
test was done on this mean. Those treatments in which mean seedling 
length was significantly less than l.Omm were considered successful in 
terms of keeping seedling length acceptably short. For each of these 
treatments, parameters obtained from the dark treatment, seven-day 
recovery on germination blotter, and five-week recovery in plug trays 
parts of the experiments were compared with the combined control treatment 
by using nonorthogonal, single degree-of-freedom contrasts. 
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RESULTS 
Gas Treatment 
Seedling length responded positively to increasing 02 concentration 
for both 24- and 48-hr exposure treatments (Fig. 1). Seedling lengths of 
the 48-hr exposure treatments were greater than those of the 24-hr 
treatments for all 02 concentrations except 0%. Essentially no increase 
in seedling length was observed in either 0% 02 treatment. Linear and 
quadratic effects were significant for both 24- and 48-hr exposure 
treatments, and lack of fit was significant for the 24-hr exposure 
treatments but nonsignificant for the 48-hr exposure treatments. 
Dark Treatment 
Dark-treatment seedling length responded positively to gas-treatment 
02 concentration (Fig. 2). This response was significant for both linear 
and quadratic effects, for both 24- and 48-hr exposure treatments. Lack 
of fit was nonsignificant for both exposure treatments. Seedling lengths 
of the 48-hr treatments were greater than those of the 24-hr treatments 
for all 02 concentrations except 0%. The difference in seedling length 
between the 24- and 48-hr/3% 02 treatments was less than those between the 
24- and 48-hr treatments at higher 02 concentrations. Only the 24-hr/0% 
02 and the 48-hr/0% 02 treatments held the seedlings to a length that was 
not significantly greater than l.Omm (Table 1). Seedling length of the 
48-hr/0% 02 treatment was significantly less than that of the control, 
whereas contrast of the 24-hr/0% 02 to the control treatment was 
nonsignificant. 
15 
Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
Hypocotyl length responded positively to gas-treatment 02 
concentration (Fig. 3). Linear effect, quadratic effect, and lack of fit 
were significant for the 48-hr but not the 24-hr exposure treatments. 
Hypocotyl lengths of the 48-hr/3, 7, 10, 13, and 20% 02 treatments were 
similar to those of the 24-hr treatments. The hypocotyl length of the 48-
hr/0% 02 treatment was much less than that of the 24-hr/0% 02 treatment. 
The hypocotyl length of the 48-hr/0% 02 treatment was less than that of 
the control treatment, but it was the same for the 24-hr/0% 02 treatment 
(Table 2). 
Abnormal seedling percentage 
Abnormal seedling percentage responded negatively to gas-treatment 
02 concentration (Fig. 4). A significant quadratic effect was observed 
for the 24-hr exposure treatments, whereas linear effect and lack of fit 
were nonsignificant. The 48-hr exposure treatment had significant linear 
and quadratic effects and lack of fit. Contrasts of the 24-hr/0% 02 and 
48-hr/0% 02 treatments to the control treatment showed that both abnormal 
seedling percentages were greater than that of the control treatment, and 
this difference was more pronounced for the 48-hr/0% 02 treatment (Table 
2). 
Five-Week Recovery in Plug Trays 
Shoot dry weight responded positively to gas-treatment 02 
concentration (Fig. 5). Linear and quadratic effects were significant for 
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both 24- and 48-hr exposure treatments. Lack of fit was significant for 
the 48-hr exposure treatments. Values for 48-hr treatments were lower 
than the 24-hr values for all 02 concentrations except 3%. Dry weights of 
the 24-hr/0% 02 and 48-hr/0% 02 treatments were less than those of the 
control treatment, and the decrease was more pronounced in the 48-hr/0% 02 
treatment than it was in the 24-hr/0% 02 treatment (Table 3). 
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DISCUSSION 
Gas Treatment 
Seedling length of ps increased with increasing 02 concentration. 
This response was approximately linear for the range of 0 to 7% 02 , and it 
showed little or no increase when the 02 concentration was greater than 
10% (Fig. 1). These results are consistent with those of Siegel and Rosen 
(1962) who observed that subatmospheric 02 concentrations could support 
growth of several species after emergence and that radicle growth of 
cucumber seedlings grown in 10% 02 was equal to that of seedlings grown in 
atmospheric 02 . Karlovich (1989) showed that exposure of germinating 
impatiens seeds to 3% 02 caused almost total inhibition of germination. I 
observed increased seedling length for ps exposed to 3% 02 , and this 
suggested that later growth processes are not as sensitive to low-02 
conditions as are early germinative processes. 
Previous studies have shown that substantial radicle elongation 
occurred in pregerminated seeds that had been stored under various low-02 
conditions at 20C for six days (Ghate and Chinnan, 1986; 1987). In the 
present study, however, little, if any, radicle growth was observed for 
either the 24- or 48-hr/0% 02 treatment. This difference may have been 
due to experimental conditions or to differences in the tolerance among 
various species to low-02 atmospheres. 
Dark Treatment 
The response of dark-treatment seedling length to gas-treatment 02 
concentration was similar to that observed for gas-treatment seedling 
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length. Dark-treatment seedlings that were exposed to 10 and 13% 02 had 
lengths comparable with those of the 20% 02 treatments. Greater seedling 
length was observed for the 24-hr/0% 02 treatment than for the 48-hr/0% 02 
treatment. This is in contrast to treatments that used greater 02 
concentrations, in which greater seedling length was observed for 48-hr 
treatments than for 24-hr treatments. Both 24- and 48-hr/0% 02 treatments 
successfully held radicle length to less than 1.0 mm, although the length 
of the 24-hr/0% 02 treatment was not different from that of the control 
treatment. Seedling lengths caused by these two treatments were virtually 
identical at the end of the gas treatment, and it can be concluded that 
the 48-hr exposure duration, in conjunction with 0% 02 , results in a 
greater disruption and subsequent slower recovery of metabolic processes 
necessary for seedling growth than did the 24-hr exposure duration. The 
smaller difference in seedling length between 24- and 48-hr/3% 02 
treatments, as compared with 24- and 48-hrjhigher-02 treatments, may be 
attributed to greater disruption/slower recovery of metabolic processes 
after exposure to 3% 02 , or to an interactive effect of low 02 
concentration and longer duration of exposure. Because growth rate is 
proportional to size (Salisbury and Ross, 1985), the smaller difference 
between the 24- and 48-hr/3% 02 treatments also may be attributed to their 
lower initial seedling lengths. 
Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
The significant linear and quadratic effects observed for the 48-hr 
exposure treatments were due mostly to the low value observed for the 0% 
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02 treatment. Exposure of ps to 0% 02 for 48 hr caused severe damage to 
the seeds. Most ps did not increase in length, although a few showed some 
semblance of normal growth. 
Damage to the seedlings may have been caused by ethanol 
accumulation. Ethanol is a product of anaerobic respiration and has been 
demonstrated to accumulate in many species of seeds upon exposure to 
anaerobic conditions (Rumpho and Kennedy, 1981; Ellerton and Perry, 1983; 
Karlovich (1989). Karlovich (1989) showed that impatiens seeds exposed to 
anaerobic conditions during germination steadily accumulated ethanol and 
only reached a stable concentration after 96hr. This same pattern of 
ethanol accumulation was observed for three-day old rice seedlings 
(Bertani et al., 1980). 
Cossins (1978) demonstrated that accumulated ethanol was metabolized 
upon exposure to aerobic conditions. It is possible that ethanol did not 
accumulate to a concentration great enough in 24 hr to cause irreversible 
damage to the 24-hr/0 and 3% 02 seedlings. The ethanol that had 
accumulated then may have been metabolized upon reestablishment of aerobic 
conditions, and this may have allowed the seedlings to recover from the 
toxic effects of ethanol. In contrast to the 24-hr treatments, ps exposed 
to anaerobic conditions for 48 hr may have accumulated ethanol to a 
concentration that was toxic. 
Abnormal seedling percentage 
The exposure of ps to 0% 02 for either 24 or 48 hr resulted in a 
greater percentage of abnormal seedlings than did exposure to greater 02 
concentrations. In addition to seedlings that showed no growth, other 
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abnormalities of both shoots and roots were observed. Shoot abnormalities 
included the inability to shed the seed coat, thickening or curling of the 
stem, and the loss of cotyledons. Root abnormalities that were observed 
included "pigtailing", accompanied by the loss of normal geotropic growth, 
the formation of adventitious roots, and the development of thin, wiry 
roots. These abnormalities are similar to those observed by Frazier et 
al. (1982) in gel-stored, pregerminated snapdragon seeds and by Ladror et 
al. (1986) in snap beans that had been exposed to anoxic conditions. The 
increased percentage of abnormal seedlings observed in 24- and 48-hr/02 
treatments indicated that permanent damage to ps was a result of exposure 
to 0% 02 for 24 or 48 hr and that neither of these treatments could be 
considered as acceptable treatments for pregerminated seeds. 
Five-Week Recovery in Plug Trays 
Shoot dry weights of both 24- and 48-hr/0% 02 treatments were less 
than that of the control treatment. These results are similar to the 
seven-day recovery data and are further evidence that exposure of ps to 0% 
02 causes irreversible damage to seedlings. 
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Table 1. Comparison of seedling length with l.Omm at the end of the dark treatment period and 
contrast of means with combined (0-hr) controlz. Pregerminated impatiens seeds were exposed 
to a given 02 concentration for 24 or 48 hr, and then exposed to ambient air in darkness for 
24 hr. Only data from those treatments that have means not significantly greater than l.Omm 
are presented 
Treatment 
Exposure duration 0 2 concn 
(hr) (%) 
24 0 
48 0 
Seedling length 
(mm) 
1.05 
0.46 
zcontrol treatment mean is 1.96mm. 
Comparison with l.OmmY 
t-value P>F 
0.131 0.448 
-1.414 0.915 
YQne-tailed t-test used; error term is time rep x trt, 26 df. 
Contrast vs. controlx 
F-value P>F 
3.78 0.063 
10.21 0.004 
xNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
('..) 
w 
Table 2. Contrasts of hypocotyl length and percentage abnormal seedlings at the end of the seven-day 
recovery period on germination blotter with combined (0-hr) controlz. Pregerminated 
impatiens seeds were exposed to a given 02 concentration for 24 or 48 hr, then exposed to 
ambient air in darkness for 24 hr, and then exposed to ambient air in light for seven days. 
Only data from those treatments that have a mean seedling length not significantly greater 
than l.Omm at the end of the 24-hr dark treatment are presented 
Treatment Hypocotyl length Abnormal seedlings 
Exposure duration 02 concn Hypocotyl Contrast Abnormal Contrast 
(hr) (%) length vs controlY seedlings vs control 
(mm) F-value P>F (%) F-value P>F 
24 0 6.12 0.65 0.435 6.25 10.81 0.006 
48 0 1. 32 170.01 <0.001 88.54 2169.88 <0.001 
zcontrol treatment means are: hypocotyl length, 6.43mm; abnormal seedlings, 0.00%. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 13 df. 
N 
+' 
Table 3. Contrasts of dry weight/shoot at the end of the five-week recovery period in plug trays with 
combined (0-hr) controlz. Pregerminated impatiens seeds were exposed to a given 02 
concentration for 24 or 48 hr, then exposed to ambient air in darkness for 24 hr, and then 
transplanted into plug trays and grown for five weeks in the greenhouse. Only data from 
those treatments that have a mean seedling length not significantly greater than l.Omm at 
the end of the 24-hr dark treatment are presented 
Treatment Dry weight/shoot 
Exposure duration 02 concn Dry weight Contrast vs controlY 
(hr) (%) (g) F-value P>F 
24 0 0.0163 9.22 0.010 
48 0 0.0033 114.48 <0.001 
zcontrol treatment mean is 0.0214g. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 13 df. N 
V1 
26 
Seedling length (mm) 
6.-----~----~--------------------------------------~ 
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Fig. 1. 
2 4 6 8 10 12 14 16 18 20 
Oxygen concentration (%) 
Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the gas treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 
24-hr (0) Y- 0.44 + 0.2l(X) - O.Ol(X2 ), P>F: L, <0.001; Q, 
<0.001; LOF, 0.050; and 48-hr (V) Y = 0.36 + 0.63(X) -
0.02(X2),P>F: L, <0.001; Q, <0.001; LOF, 0.328. Error term is 
time-rep x oxy, 10 df 
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Seedling length (mm) 
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Fig. 2. 
2 4 6 8 10 12 14 16 18 20 
Gas-treatment oxygen concentration (%) 
Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the dark treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 
24-hr (0) Y = 0.86 + 0.54(X) - 0.02(X2 ), P>F: L, <0.001; Q, 
<0.001; LOF, 0.139; and 48-hr (V) Y- 0.28 + 1.36(X) - O.OS(X2), 
P>F: L, <0.001; Q, <0.001; LOF, 0.331. Error term is time-rep x 
oxy, 10 df. Control [(D) 0-hr pregerminated seeds] is the mean 
of 18 replications 
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Hypocotyl length (mm) 
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0 
Fig. 3. 
2 4 6 8 10 12 14 16 18 20 
Gas-treatment oxygen concentration (%) 
Effect of 02 concentration on hypocotyl length of pregerminated 
impatiens seeds at the end of the seven-day recovery period on 
germination blotter. Each symbol represents the mean of 6 
replications. Equations are: 24-hr (0) Y = 6.26 + 0.05(X) -
0.002(X2), P>F: L, 0.638; Q, 0.591; LOF, 0.879; and 48-hr (V) Y 
= 2.63 + 0.74(X) - 0.03(X2 ), P>F: L, <0.001; Q, <0.001; LOF, 
0.004. Error term is time-rep x oxy, 5 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 12 replications 
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Abnormal seedlings (%) 
100.------------------------------------------------, 
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0 
Fig. 4. 
2 4 6 8 10 12 14 16 18 20 
Gas-treatment oxygen concentration (%) 
Effect of 02 concentration on the percentage of abnormal 
seedlings of pregerminated impatiens seeds at the end of the 
seven-day recovery period on germination blotter. Each symbol 
represents the mean of 6 replications. Equations are: 24-hr (0) 
Y- 5.54- 1.02(X) + 0.05(X2 ), P>F: L, 0.361; Q, 0.042; LOF, 
0.825; and 48-hr (V) Y- 67.02- 11.76(X) + 0.44(X2), P>F: L, 
<0.001; Q, <0.001, LOF <0.001. Error term is time-rep x oxy, 5 
df. Control [(D) 0-hr pregerminated seeds] is the mean of 12 
replications 
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Dry weight/shoot (g) 
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0.02 
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Fig. 5. 
0 2 4 6 8 10 12 14 16 18 20 
Gas-treatment oxygen concentration (%) 
Effect of 02 concentration on shoot dry weight of pregerminated 
impatiens seeds at the end of the five-week recovery period in 
plug trays. Each symbol represents the mean of 6 replications. 
Equations are: 24-hr (0) Y = 0.0159 + 0.0013(X) - 0.00005(X2), 
P>F: L, 0.047; Q, 0.015; LOF, 0.858; and 48-hr (V) Y = 0.0077 + 
0.0026(X) - 0.000l(X2), P>F: L, 0.001; Q, <0.001; LOF, 0.004. 
Error term is time-rep x oxy, 5 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 12 replications 
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SECTION II. GROWTH AND DEVELOPMENT OF PREGERMINATED 
IMPATIENS SEEDS EXPOSED TO 0, 1, 2, 3, 7, 
OR 20% OXYGEN FOR 24 OR 48 HOURS 
32 
GROWTH AND DEVELOPMENT OF PREGERMINATED 
IMPATIENS SEEDS EXPOSED TO 0, 1, 2, 3, 
7, OR 20% OXYGEN FOR 24 OR 48 HOURS 
Gary F. Polking, Richard J. Gladon, and DavidS. Koranski 
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ABSTRACT 
Pregerminated impatiens (Impatiens wallerana Hook. f. 'Super Elfin 
Salmon Blush') seeds (ps) were exposed to atmospheres that contained 0, 1, 
2, 3, 7, or 20% 02 for either 24 or 48hr. Five treatments (24-hr/0, 1, 
and 2% 02 and 48-hr/0 and 1% 02 ) successfully held seedling length to less 
than l.Omm. A reduction in seven-day hypocotyl length and five-week shoot 
dry weight was observed for 48-hr/0 and 1% 02 treatments, and an increased 
seven-day abnormal seedling percentage was observed for 24-hr/0% 02 and 
48-hr/0 and 1% 02 treatments. 
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INTRODUCTION 
From the results of section I, it was concluded that atmospheres 
that contained 3% or more 02 did not effectively control radicle 
elongation of pregerminated impatiens seeds during a simulated one-day 
shipping period. Atmospheres that contained 0% 02 caused some degree of 
permanent damage to the seedlings, although they were able to control 
radicle elongation. It is likely that there is an 02 concentration 
between 0 and 3% that adequately slows radicle elongation but does not 
affect subsequent seedling growth permanently. In this section, the 
effect of 02 concentrations between 1 and 2% on radicle elongation of 
pregerminated impatiens seeds was examined. 
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MATERIALS AND METHODS 
All procedures in this section were done as described in the 
Materials and Methods portion of section I of this thesis, with the 
following exceptions (listed by section): 
Plant Material and Generation of Pregerminated Seeds 
Two hundred and twenty-five seeds per box were used to generate the 
ps. This was done to provide greater uniformity of development among the 
seedlings transferred to the gas treatments and to increase the number of 
ps that had radicles that were only slightly emerged (radicle length close 
to O.Omm). 
Gas Treatment 
Gas concentrations of 0, 1, 2, 3, 7, and 20% 02 were used, and the 
germination blotters onto which the ps were placed were saturated with 
ll.Oml of deionized water. 
Statistical Design and Analysis 
The seven-day recovery period on germination blotter and the five-
week recovery in plug tray parts of the experiment were replicated three 
times over time. 
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RESULTS 
Gas Treatment 
Seedling length responded positively to 02 concentration for both 
24- and 48-hr exposure treatments (Fig. 1). Seedling lengths of the 48-hr 
exposure treatments were greater than those of the 24-hr treatments for 
all 02 concentrations. Linear and quadratic effects were significant for 
both the 24- and 48-hr exposure treatments. Lack of fit was significant 
for the 24-hr exposure treatments and nonsignificant for the 48-hr 
treatments. 
Dark Treatment 
Dark-treatment seedling length responded positively to gas-treatment 
02 concentration (Fig. 2). This response was significant for linear and 
quadratic effects for both the 24- and 48-hr exposure treatments. Lack of 
fit was nonsignificant for both exposure times. Seedling lengths of the 
48-hr exposure treatments were greater than those of the 24-hr exposure 
treatments for all 02 concentrations except 0 and 1%. Five treatments 
(24-hr/0, 1, and 2% 02 and 48-hr/0 and 1% 02 ) held seedlings to a length 
that was not greater than l.Omrn (Table 1). Seedling lengths of the 24-
hr/0% 02 and the 48-hr/0 and 1% 02 treatments were less than that of the 
control treatment. 
37 
Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
Hypocotyl length responded positively to gas-treatment 02 
concentration (Fig. 3). Linear and quadratic effects were significant for 
both 24- and 48-hr exposure treatments. Lack of fit was significant for 
the 48-hr exposure treatments but nonsignificant for the 24-hr exposure 
treatments. Hypocotyl lengths of some but not all 24-hr treatments were 
greater than those of the 48-hr treatments for low-02 treatments but were 
less than those of the 48-hr treatments for the greater 02 treatments. 
Hypocotyl lengths of only the 48-hr/0 and 1% 02 treatments were less than 
that of the control treatment (Table 2). 
Abnormal seedling percentage 
Abnormal seedling percentage responded negatively to gas-treatment 
02 concentration (Fig. 4). Significant linear and quadratic effects and 
lack of fit were observed for both 24- and 48-hr exposure treatments. 
Abnormal seedling percentages were greater for the 48-hr treatments than 
for the 24-hr treatments for all 02 concentrations except 20%. Abnormal 
seedling percentages of only the 24-hr/0% 02 and 48-hr/0 and 1% 02 
treatments were greater than that of the control treatment (Table 2). 
Five-Week Recovery in Plug Trays 
A positive response of shoot dry weight to gas-treatment 02 
concentration was observed for the 48-hr exposure treatments, and linear 
and quadratic effects and lack of fit were significant (Fig. 5). No 
definite pattern of response to 02 concentration was observed for the 
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24-hr exposure treatments. Dry weights of 48-hr exposure treatments at 0 
and 1% 02 were less than that of the control treatment (Table 3). 
Contrasts of the 24-hr/0, 1, and 2% 02 treatments vs the control were 
nonsignificant. 
39 
DISCUSSION 
Gas Treatment 
The response of seedling length to 0 2 concentration was similar to 
that observed in Section I. The 24- and 48-hr/1 and 2% 02 treatments 
resulted in seedling lengths that were between those obtained in the 0 and 
3% 02 treatments. Seedling lengths of all treatments were shorter than 
those observed in Section I, and this may be attributed to the use of ps 
that had shorter radicles initially. 
Dark Treatment 
In addition to the 24- and 48-hr/0% 02 treatments, the 24- and 48-
hr/1% 02 and 24-hr/2% 02 treatments successfully held seedling length to 
less than l.Omm. Seedling length of the 24-hr/0 and 1% 02 treatments were 
slightly greater than those of the comparable 48-hr treatments, and this 
indicated that exposure of ps to these concentrations for 48hr caused some 
form of irreversible damage to the ps. Seedling length of the 48-hr/2% 02 
treatment was greater than that of the 24-hr/2% 02 treatment, and this 
indicated that 2% 02 caused less damage to ps than was caused by lower 02 
concentrations. It is possible that 2% 02 is close to the anaerobic 
compensation point [the 02 concentration at which evolution of C02 is 
minimum (Boersig et al., 1988)], and if this is the case, treatment of ps 
at 02 concentrations close to this may result in minimal ethanol 
production and aerobic respiration that is minimized. 
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Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
Although positive linear and quadratic responses of hypocotyl length 
to gas-treatment 02 concentration were observed for the 24-hr treatments, 
none of the hypocotyl lengths were different from that of the control. In 
contrast, hypocotyl lengths of both 48-hr/0 and 1% 02 treatments were less 
than that of the control treatment. These results were similar to those 
of Section I, and they show that longer exposures of ps to low 02 
concentrations caused permanent damage. 
Abnormal seedling percentage 
The damaging effects of longer exposures to low-02 concentrations 
was evident because both 48-hr/0 and 1% 02 treatments increased the 
percentage of abnormal seedlings when compared to the control treatment. 
The damaging effect of shorter-term exposure to 0% 02 again was 
demonstrated by the greater abnormal seedling percentage of the 24-hr/0% 
02 treatment. The abnormal seedling percentages of the 24-hr/1 and 2% 02 
treatments were not different from that of the control treatment, and 
this, in conjunction with dark-treatment and hypocotyl-length data, 
suggested that these combinations of duration and 02 concentration may be 
acceptable treatments for ps. 
Five-Week Recovery in Plug Trays 
Plug-recovery data corroborated hypocotyl-length and abnormal-
seedling percentage data in that shoot dry weight for 48-hr/0 and 1% 02 
treatments was less than that of the control treatment. Treatments that 
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were deemed acceptable on the basis of dark-treatment, hypocotyl length, 
and abnormal-seedling percentage data (24-hr/1 and 2% 02 ) also were 
acceptable on the basis of plug-recovery findings, because shoot dry 
weight was not different from that of the control treatment. 
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Table 1. Comparison of seedling length with l.Ornrn at the end of the dark treatment period and 
contrast of means with combined (0-hr) controlz. Pregerminated impatiens seeds were exposed 
to a given 02 concentration for 24 or 48 hr and then exposed to ambient air in darkness for 
24 hr. Only data from those treatments that have means not significantly greater than l.Ornrn 
are presented 
Treatment 
Exposure duration 02 concn Seedling length Com~arison with l,OrnrnY Contrast vs. controlx 
(hr) (%) (rnrn) t-value P>F F-value P>F 
24 0 0.70 -1.147 0.869 4.83 0.037 
24 1 0.79 -0.803 0.785 3.61 0.069 
24 2 0.92 -0.306 0.619 2.21 0.149 
48 0 0.54 -1.759 0.955 7.15 0.013 
48 1 0.70 -1.147 0.869 4.85 0.037 
zcontrol treatment mean is 1.40rnrn. 
YQne-tailed t-test used; error term is time rep x trt, 26 df. 
xNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
.p.. 
w 
Table 2. Contrasts of hypocotyl length and percentage abnormal seedlings at the end of the seven-day 
recovery period on germination blotter with combined (0-hr) controlz. Pregerminated 
impatiens seeds were exposed to a given 02 concentration for 24 or 48 hr, then exposed to 
ambient air in darkness for 24 hr, and then exposed to ambient air in light for seven days. 
Only data from those treatments that have a mean seedling length not significantly greater 
than l.Omm at the end of the 24-hr dark treatment are presented 
Treatment Hypocotyl length Abnormal seedlings 
Exposure duration 02 concn Hypocotyl Contrast Abnormal Contrast 
(hr) (%) length vs controlY seedlings vs control 
(mm) F-value P>F (%) F-value P>F 
24 0 5.08 2.03 0.166 16.67 5.74 0.024 
24 1 5.42 0.03 0.875 6.25 0.16 0.693 
24 2 5.56 0.15 0.705 4.17 0.00 1.000 
48 0 2.88 92.17 <0.001 49.31 74.83 <0.001 
48 1 4.86 5.00 0.034 21.53 11.07 0.003 
zcontrol treatment means are: hypocotyl length, 5.46mm; abnormal seedlings, 4.17%. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x oxy, 26 df. 
+="' 
+="' 
Table 3. Contrasts of dry weight/shoot at the end of the five-week recovery period in plug trays with 
combined (0-hr) controlz. Pregerminated impatiens seeds were exposed to a given 02 
concentration for 24 or 48 hr, then exposed to ambient air in darkness for 24 hr, and then 
transplanted into plug trays and grown for five weeks in the greenhouse. Only data from 
those treatments that have a mean seedling length not significantly greater than 1.0mm at 
the end of the 24-hr dark treatment are presented 
Treatment Dry weight/shoot 
Exposure duration 02 concn Dry weight Contrast vs contro1Y 
(hr) (%) (g) F-va1ue P>F 
24 0 0.0183 3.90 0.059 
24 1 0.0195 1.11 0.301 
24 2 0.0203 0.24 0.627 
48 0 0.0105 57.42 <0.001 
48 1 0.0141 24.69 <0.001 
zcontrol treatment mean is 0.0210g. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x oxy, 26 df. 
...... 
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0 2 4 6 8 10 12 14 16 18 20 
Oxygen concentration (%) 
Fig. 1. Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the gas treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 24-
hr (0) Y- -0.06 + 0.23(X) - 0.008(X2 ), P>F: L, <0.001; Q, 
<0.001; LOF, 0.030; and 48-hr (v) Y- -0.03 + O.SO(X) - 0.02(X2), 
P>F: L, <0.001; Q, <0.001; LOF, 0.32. Error term is time-rep x 
oxy, 10 df 
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Gas-treatment oxygen concentration (%) 
Fig. 2. Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the dark treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 24-
hr (0) Y- 0.44 + 0.44(X) - O.Ol(X2 ), P>F: L, <0.001; Q, <0.001; 
LOF, 0.088; and 48-hr (~) Y- 0.01 + l.OO(X) - 0.03(X2 ), P>F: L, 
<0.001; Q, <0.001; LOF, 0.062. Error term is time-rep x oxy, 10 
df. Control [(D) 0-hr pregerminated seeds] is the mean of 18 
replications 
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Gas-treatment oxygen concentration (%) 
Fig. 3. Effect of 02 concentration on hypocotyl length of pregerminated 
impatiens seeds at the end of the seven-day recovery period on 
germination blotter. Each symbol represents the mean of 9 
replications. Equations are: 24-hr (0) Y = 5.24 + O.lO(X) -
0.003(X2 ), P>F: L, <0.001; Q, 0.037; LOF, 0.230; and 48-hr (~) Y= 
3.88 + 0.49(X) - 0.02(X2 ), P>F: L, <0.001; Q, <0.001; LOF, 0.002. 
Error term is time-rep x oxy, 10 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 18 replications 
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Gas-treatment oxygen concentration (%) 
Fig. 4. Effect of 02 concentration on the percentage of abnormal 
seedlings of pregerminated impatiens seeds at the end of the 
seven-day recovery period on germination blotter. Each symbol 
represents the mean of 9 replications. Equations are: 24-hr (0) 
Y- 11.46- 2.66(X) + O.ll(X2), P>F: L, 0.004; Q, 0.001; LOF, 
0.013; and 48-hr (V) Y- 34.41- 7.94(X) + 0.32(X2), P>F: L, 
0.002; Q, 0.002; LOF, 0.020. Error term is time-rep x oxy, 10 
df. Control [(D) 0-hr pregerminated seeds] is the mean of 18 
replications 
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Fig. 5. Effect of 02 concentration on shoot dry weight of pregerminated 
impatiens seeds at the end of the five-week recovery period in 
plug trays. Each symbol represents the mean of 9 replications. 
Equations are: 24-hr (0) Y = 0.0191 + 0.0002(X) - 0.000009(X2 ), 
P>F: L, 0.957; Q, 0.260; LOF, 0.220; and 48-hr (V) Y = 0.0131 + 
0.0017(X) - 0.00007(X2), P>F: L, 0.004; Q, <0.001; LOF, 0.003. 
Error term is time-rep x oxy, 10 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 18 replications 
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SECTION III. GROWTH AND DEVELOPMENT OF PREGERMINATED 
IMPATIENS SEEDS EXPOSED TO 0, 1, 1.5, 2, 
3, OR 20% OXYGEN FOR 24 OR 48 HOURS 
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3, OR 20% OXYGEN FOR 24 OR 48 HOURS 
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ABSTRACT 
Pregerminated impatiens (Impatiens wallerana Hook. f. 'Super Elfin 
Salmon Blush' seeds (ps) were exposed to atmospheres that contained 0, 1, 
1.5, 2, 3, or 20% 02 for either 24 or 48hr. All 02 -exposure treatments 
except the 24- and 48-hr/20% 02 treatments successfully held seedling 
length to less than l.Omm. Reduced seven-day hypocotyl length and 
increased seven-day abnormal seedling percentage were observed for the 48-
hr/0, 1, and 1.5% 02 treatments. Decreased five-week shoot dry weight was 
found for 48-hr/0 and 1.5% 02 treatments. 
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INTRODUCTION 
In Section II, it was shown that exposure of pregerminated impatiens 
seeds to either 1 or 2% 02 for 24 hr acceptably controlled radicle length 
and that values for recovery parameters were comparable with those of the 
control treatment. Closer examination of the data revealed that the 24-
hr/1% 02 treatment gave better control of radicle elongation than did the 
24-hr/2% 02 treatment but that the 2% 02 treatment resulted in recovery 
parameters that were more favorable than those of the 1% 02 treatment. It 
is possible that a concentration of 1.5% 02 would result in a better 
combination of acceptable radicle-elongation control and posttreatment 
seedling growth. In this section, the effects of exposure of 
pregerminated impatiens seeds to 1.5% 02 were examined. 
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MATERIALS AND METHODS 
All procedures in this experiment were conducted as described in the 
Materials and Methods portion of Section I of this thesis, with the 
following exceptions (listed by section): 
Plant Material and Generation of Pregerminated Seeds 
Two hundred and fifty seeds per box were used to generate the 
pregerminated seeds. 
Gas Treatment 
1) Gas concentrations of 0, 1, 1.5, 2, 3, and 20% 02 were used; 2) 
the germination blotters onto which the pregerminated seeds were placed 
were saturated with ll.Oml of deionized water; and 3) a deflector was used 
to decrease the variability caused by nonuniform air flow at the air-flow 
inlet in one growth chamber. 
Statistical Design and Analysis 
The seven-day recovery period on germination blotter and the five-
week recovery period in plug tray parts of the experiment were replicated 
three times over time. 
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RESULTS 
Gas Treatment 
Seedling length showed a positive, linear response to 02 
concentration for both 24- and 48-hr exposure treatments (Fig. 1). The 
quadratic effect and lack of fit were nonsignificant for both exposure 
durations. Seedling length from the 48-hr exposure treatments was greater 
than or equal to those of the 24-hr exposure treatments for all 02 
concentrations. 
Dark Treatment 
Dark-treatment seedling length responded positively and linearly to 
gas-treatment 02 concentration for both 24- and 48-hr exposure treatments 
(Fig. 2). The quadratic effect and lack of fit were nonsignificant for 
both exposure duration times. All treatments except 24-hr/ and 48-hr/20% 
02 held seedlings to a length that was not greater than l.Omm (Table 1). 
Seedling length of the 24-hr/0, 1, 1.5, and 2% 02 treatments and the 48-
hr/0, 1.5, and 2% 02 treatments were less than that of the control 
treatment. 
Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
Hypocotyl length responded positively to gas-treatment 02 
concentration (Fig. 3). Linear and quadratic effects were significant and 
lack of fit was nonsignificant for both 24- and 48-hr exposure treatments. 
Hypocotyl lengths of the 24-hr treatments were greater than those of the 
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48-hr treatments for all 02 concentrations except 20%. Hypocotyl length 
of only the 48-hr/0, l, and 1.5% 02 treatments was less than that of the 
control treatment (Table 2). 
Abnormal seedling percentage 
Abnormal seedling percentage responded negatively to gas-treatment 02 
concentration (Fig. 4). A significant quadratic effect was observed for 
the 24-hr exposure treatments whereas linear effect and lack of fit were 
nonsignificant. For the 48-hr exposure treatments, both linear and 
quadratic effects were significant, but lack of fit was not significant. 
Abnormal seedling percentage of the 48-hr exposure treatments was greater 
than that of the 24-hr treatments for all 02 concentrations except 20%. 
Abnormal seedling percentage of only the 48-hr/0, 1, and 1.5% 02 
treatments was greater than that of the control treatment (Table 2). 
Five-Week Recovery in Plug Trays 
Positive linear and quadratic responses of shoot dry weight to gas-
treatment 02 concentration were observed for the 48-hr exposure 
treatments, whereas lack of fit was nonsignificant (Fig. 5). No definite 
pattern of response to 02 concentration was seen for the 24-hr exposure 
treatments. Shoot dry weight of the 24-hr exposure treatments was greater 
than that of the 48-hr exposure treatments for all 02 concentrations 
except 20%. Dry weight of the 48-hr/0 and 1.5% 02 treatments was less 
than that of the control treatment, and contrasts of all 24-hr/02 
treatments and the 48-hr/1, 2, and 3% 02 treatments were nonsignificant 
(Table 3). 
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DISCUSSION 
Gas Treatment 
In contrast to the results in Sections I and II, no quadratic effects 
were observed. This may be due to the omission of the 7% 02 
concentration, which was at the inflection point of the 02 -response curve 
(Fig. 1, Sections I and II). The response of seedling length to 02 seems 
generally linear from 0 to 3% 02 for both 24- and 48-hr treatments. 
Dark Treatment 
Ten treatments held seedling length to less than l.Omm. These 
treatments included the 24-hr/3% 02 and the 48-hr/2 and 3% 02 treatments, 
which were previously not successful in holding seedling length to less 
than l.Omm. Interexperimental differences among 48-hr/2% 02 treatments 
may have contributed to large values that may have been caused by uneven 
air flow in one growth chamber. An attempt to correct this problem was 
made before the start of Section III. Interexperimental differences among 
3% 02 treatments may have been due to the selection of ps that had an 
overall shorter radicle length than the ps used in Section I or II. Seed 
age also could have contributed to this, because deteriorated seeds have 
been shown to be less tolerant of ethanol accumulation than are nondeteri-
orated seeds (Woodstock and Taylorson, 1981; Ellerton and Perry, 1983; 
Pesis and Ng, 1984). Seedling length of the 24- and 48-hr/1.5% 02 treat-
ments was less than that of the respective 1 and 2% 02 treatments. This 
may be attributed to 1.5% 02 being closer to the anaerobic compensation 
point (ACP) than 1 or 2% 02 , or more likely, to experimental variation. 
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Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
Hypocotyl length of the 24-hr treatments was not different from that 
of the control treatment, although positive linear and quadratic effects 
were observed. Hypocotyl length of the 48-hr/0, 1, and 1.5% 02 treatments 
was less than that of the control treatment, and this is further evidence 
of the damaging effect of the longer exposure time. 
Abnormal seedling percentage 
Abnormal seedling percentage data were analogous to hypocotyl length 
data in that only the 48-hr/0, 1, and 1.5% 02 treatments were different 
from (greater than) the control treatment. The 24-hr/0% 02 treatment, 
which was different from the control treatment in Sections I and II, was 
not different from the control in this section. This difference may be 
attributable to experimental variation. Both recovery parameters of the 
48-hr/1.5% 02 treatment were different from those of the control 
treatment. This may suggest that the hypothesis that 1.5% 02 is close to 
the ACP is not valid because little ethanol production/toxicity would be 
expected at the ACP. 
On the basis of the dark-treatment and seven-day recovery data, seven 
treatments (24-hr/0, 1, 1.5, 2, and 3% 02 and 48-hr/2 and 3% 02 ) were 
considered acceptable as treatments for ps. On the basis of data from the 
previous experiments, however, the 24-hr/0 and 3% 02 and the 48-hr/2 and 
3% 02 treatments would be regarded as less successful than the other three 
(24-hr/1, 1.5, and 2% 02 ) treatments. 
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Five-Week Recovery in Plug Trays 
Plug-recovery data provided corroborative evidence of the 
acceptability of the three treatments judged to be the best in the 
previous portion of this chapter. Abnormal seedling percentage of only 
the 48-hr/0 and 1.5% 02 treatments was less than that of the control 
treatment. In contrast to the results in Section II, no difference 
between the 48-hr/1% 02 treatment and the control treatment was observed, 
and this may have been due to experimental variation. 
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Table 1. Comparison of seedling length with l.Omm at the end of the dark treatment period and 
contrast of means with combined (0-hr) controlz. Pregerminated impatiens seeds were exposed 
to a given 02 concentration for 24 or 48 hr and then exposed to ambient air in darkness for 
24 hr. Only data from those treatments that have means not significantly greater than l.Omm 
are presented 
Treatment 
Exposure duration 02 concn Seedling length Com~arison with 1.0 mmY Contrast vs, controlx 
(hr) (%) (mm) t-value P>F F-value P>F 
24 0 0.58 -2.612 0.993 12.94 0.001 
24 1 0. 77 -1.430 0.918 6.99 0.014 
24 1.5 0.70 -1.866 0.963 8.99 0.006 
24 2 0.82 -1.119 0.863 5.74 0.024 
24 3 1.08 0.498 0.311 1.19 0.285 
48 0 0.22 -4.851 0.999 29.55 <0.001 
48 1 1.00 0.007 0.497 2.19 0.151 
48 1.5 0.61 -2.425 0.989 12.18 0.002 
48 2 0.74 -1.617 0.941 7.94 0.009 
48 3 1. 20 1.244 0.112 0.24 0.626 
zcontrol treatment is 1.29mm. 
YQne-tailed t-test used; error term is time rep x trt, 26 df. 
xNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
0\ 
N 
Table 2. Contrasts of hypocotyl length and percentage abnormal seedlings at the end of the seven-day 
recovery period on germination blotter with combined (0-hr) controlz. Pregerminated 
impatiens seeds were exposed to a given 02 concentration for 24 or 48 hr, then exposed to 
ambient ~ir in darkness for 24 hr, and then exposed to ambient air in light for seven days. 
Only data from those treatments that have a mean seedling length not significantly greater 
than l.Omm at the end of the 24-hr dark treatment are presented 
Treatment Hypocotyl length Abnormal seedlings 
Exposure duration 02 concn Hypocotyl Contrast Abnormal Contrast 
(hr) (%) length vs controlY seedlings vs control 
(mm) F-value P>F (%) F-value P>F 
24 0 4.83 1. 90 0.180 6.94 0.97 0.334 
24 1 5.02 0.31 0.580 6.94 0.97 0.334 
24 1.5 5.17 0.00 0.953 5.56 0.49 0.488 
24 2 5.24 0.13 0. 721 2.78 0.02 0.889 
24 3 5.31 0.43 0.517 1. 39 0.02 0.889 
48 0 2.66 114.80 <0.001 57.64 126.57 <0.001 
48 1 4.43 9.80 0.004 22.92 17.80 <0.001 
48 1.5 4.48 8.39 0.008 16.67 8. 72 0.007 
48 2 4.86 1. 58 0.219 7.64 1. 27 0.271 
48 3 5.11 0.04 0.837 5.56 0.49 0.488 
zcontrol treatment means are: hypocotyl length, 5.15mm; abnormal seedlings, 2.08%. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
0\ 
w 
Table 3. Contrast of dry weight/shoot at the end of the five-week recovery period in plug trays with 
combined (0-hr) controlz. Pregerminated impatiens seeds were exposed to a given 02 
concentration for 24 or 48 hr, then exposed to ambient air in darkness for 24 hr, and then 
transplanted into plug trays and grown for five weeks in the greenhouse. Only data from 
those treatments that have a mean seedling length not significantly greater than l.Ornrn at 
the end of the 24-hr dark treatment are presented 
Treatment Dry weight/shoot 
Exposure duration 02 concn Dry weight Contrast vs controlY 
(hr) (%) (g) F-value P>F 
24 0 0.0440 0.48 0.495 
24 1 0.0434 0.70 0.409 
24 1.5 0.0486 0.28 0.600 
24. 2 0.0433 0.74 0.397 
24 3 0.0501 0.86 0.362 
48 0 0.0243 34.94 <0.001 
48 1 0.0399 3.19 0.086 
48 1.5 0.0374 5.92 0.022 
48 2 0.0418 1. 65 0.210 
48 3 0.0453 0.12 0. 729 
zcontrol treatment mean is 0.0466g. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
0"1 
+' 
65 
Seedling length (mm) 
4r----------------------------------------------------, 
3 
2 
1 
2 4 6 8 10 12 14 16 18 20 
Oxygen concentration (%) 
Fig. 1. Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the gas treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 24-
hr (0) Y = 0.006 + 0.077(X) - 0.00l(X2 ), P>F: L, <0.001; Q, 
0.392; LOF, 0.678; and 48-hr (V) Y = 0.097 + 0.117(X) + 
0.002(X2), P>F: L, <0.001; Q, 0.596; LOF, 0.413. Error term is 
time-rep x oxy, 10 df 
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Fig. 2. Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the dark treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 24-
hr (0) Y- 0.56 + 0.15(X) - 0.00l(X2 ), P>F: L, <0.001; Q, 0.654; 
LOF, 0.470; and 48-hr (~) Y- 0.35 + 0.26(X) + 0.002(X2), P>F: L, 
<0.001; Q, 0.713; LOF, 0.332. Error term is time-rep x oxy, 10 
df. Control [(D) 0-hr pregerminated seeds] is the mean of 18 
replications 
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Fig. 3. Effect of 02 concentration on hypocotyl length of pregerminated 
impatiens seeds at the end of the seven-day recovery period on 
germination blotter. Each symbol represents the mean of 9 
replications. Equations are: 24-hr (0) Y- 4.86 + 0.19(X) -
O.Ol(X2 ), P>F: L, <0.001; Q, 0.001; LOF, 0.743; and 48-hr (~) Y = 
3.07 + 0.9l(X) - 0.04(X2 ), P>F: L, <0.001; Q, <0.001; LOF, 0.142. 
Error term is time-rep x oxy, 10 df. Control [(D) 0-hr 
pregerrninated seeds] is the mean of 18 replications 
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Abnormal seedlings (%) 
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Fig. 4. Effect of 02 concentration on the percentage of abnormal 
seedlings of pregerminated impatiens seeds at the end of the 
seven-day recovery period on germination blotter. Each symbol 
represents the mean of 9 replications. Equations are: 24-hr (0) 
Y = 7.93 - 2.37(X) + O.ll(X2), P>F: L, 0.141; Q, 0.016; LOF, 
0.595; and 48-hr (V) Y- 49.47- 20.19(X) + 0.89(X2), P>F: L, 
0.002; Q, <0.001; LOF, 0.154. Error term is time-rep x oxy, 10 
df. Control [(D) 0-hr pregerminated seeds] is the mean of 18 
replications 
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Dry weight/shoot (g) 
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Gas-treatment oxygen concentration (%) 
Fig. 5. Effect of 02 concentration on shoot dry weight of pregerminated 
impatiens seeds at the end of the five-week recovery period in 
plug trays. Each symbol represents the mean of 9 replications. 
Equations are: 24-hr (0) Y- 0.0431 + 0.0020(X) - 0.00009(X2), 
P>F: L, 0.453; Q, 0.253; LOF, 0.471; and 48-hr (~) Y- 0.0275 + 
0.0075(X) - 0.0003(X2), P>F: L, 0.006; Q, 0.003; LOF, 0.379. 
Error term is time-rep x oxy, 10 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 18 replications 
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SECTION IV. GROWTH AND DEVELOPMENT OF PREGERMINATED 
IMPATIENS SEEDS EXPOSED TO 0, 1, 1.5, 2, 
3, OR 20% OXYGEN FOR 12 OR 24 HOURS 
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ABSTRACT 
Pregerminated impatiens (Impatiens wallerana Hook. f. 'Super Elfin 
Salmon Blush') seeds (ps) were exposed to atmospheres that contained 0, 1, 
1.5, 2, 3, or 20% 02 for either 12 or 24hr. All exposure treatments 
except the 12- and 24-hr/20% 02 treatments successfully held seedling 
length to less than l.Omm, although some loss of ability to control 
radicle elongation was observed for 12-hr treatments when compared with 
24-hr t~eatments. The 24-hr/0% 02 treatment caused decreased seven-day 
hypocotyl length and increased seven-day abnormal seedling percentage and 
both 24-hr/0 and 1.5% 02 treatments caused reduced five-week shoot dry 
weight. 
73 
INTRODUCTION 
From the results of Section III, it was concluded that exposure of 
pregerminated impatiens seeds to 1.5% 02 for 24 hr resulted in better 
control of radicle length and posttreatment recovery parameters than those 
of the 1 or 2% 02 treatments. Three treatments (24-hr/1, 1.5, and 2% 02 ) 
resulted in abnormal seedling percentages greater than those of the 
control, although these differences were not significant. In this 
section, the effects of exposure of pregerminated impatiens seeds to 
various low-oxygen atmospheres for 12 or 24 hr were examined. 
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MATERIALS AND METHODS 
All procedures in this section were done as described in the 
Materials and Methods portion of Section I of this thesis, with the 
following exceptions (listed by section): 
Plant Material and Generation of Pregerminated Seeds 
1) Two hundred and fifty seeds per box were used to generate the 
pregerminated seeds; and 2) seeds were started at 0, 12, and 24 hr to 
synchronize the experimental treatments. 
Gas Treatment 
1) Gas concentrations of 0, 1, 1.5, 2, 3, and 20% 02 were used; 2) 
the germination blotters onto which the pregerminated seeds were placed 
were saturated with ll.Oml of deionized water; 3) a deflector was used to 
decrease the variability caused by nonuniform air flow at the air-flow 
inlet in one growth chamber; and 4) gas-exposure times of 0, 12, and 24hr 
were used. 
Statistical Design and Analysis 
The seven-day recovery period on germination blotter and the five-
week recovery period in plug tray portions of the experiment were 
replicated three times over time. 
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RESULTS 
Gas Treatment 
Seedling length showed a positive, linear response to 02 
concentration for both 12- and 24-hr exposure treatments (Fig. 1). The 
quadratic effect and lack of fit were nonsignificant for both exposure 
times. Seedling length of the 24-hr exposure treatments was greater than 
that of the 12-hr exposure treatments for all 02 concentrations except 0%. 
Dark Treatment 
Dark treatment seedling length showed a positive, linear response to 
gas-treatment 02 concentration for both 12- and 24-hr exposure treatments 
(Fig. 2). The quadratic effect and lack of fit were nonsignificant for 
both exposure times. Seedling length of the 12-hr exposure treatments was 
similar to or greater than that of the 24-hr exposure treatments for all 
02 concentrations except 20%. All treatments except the 12- and 24-hr/20% 
02 treatments held seedlings to a length that was not greater than l.Omm 
(Table 1). Seedling length of the 12-hr/0 and 1.5% 02 and the 24-hr/0, 1, 
1.5, and 2% 02 treatments was less than that of the control treatment. 
Seven-Day Recovery on Germination Blotter 
Hypocotyl len~th 
Hypocotyl length responded positively to gas-treatment 02 
concentration for the 24-hr exposure treatments (Fig. 3). Linear and 
quadratic effects and lack of fit were significant for the 24-hr exposure 
treatments. No definite pattern of response to 02 concentration was 
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observed for 12-hr exposure treatments, and linear and quadratic effects 
and lack of fit were not significant. Hypocotyl length of the 24-hr/0% 02 
treatment was less than that of the control treatment, and contrasts of 
all other treatments were nonsignificant (Table 2). 
Abnormal seedlin& percenta&e 
No definite pattern of response to gas-treatment 02 concentration 
was observed for the 12-hr exposure treatments (Fig. 4). Negative linear 
and quadratic responses to gas-treatment 02 concentration were observed 
for the 24-hr exposure treatments. Lack of fit also was significant. 
Abnormal seedling percentage of the 24-hr exposure treatments was greater 
than those of the corresponding 12-hr exposure treatments for all 02 
concentrations except 20%. Abnormal seedling percentage of only the 24-
hr/0% 02 treatment was greater than that of the control treatment, and 
contrasts of all other treatments were nonsignificant (Table 2). 
Five-Week Recovery in Plug Trays 
No definite pattern of response to 02 concentration was observed for 
the 12-hr exposure treatments, and linear and quadratic effects and lack 
of fit were not significant (Fig. 5). A positive quadratic response of 
shoot dry weight to gas-treatment 02 concentration was observed for the 
24-hr exposure treatments, and linear effect and lack of fit were 
nonsignificant. Shoot dry weight of the 24-hr/0 and 1.5% 02 treatments 
was less than that of the control treatment, and contrasts of all 12-hr/02 
treatments and the 24-hr/1, 2, and 3% 02 treatments were nonsignificant 
(Table 3). 
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DISCUSSION 
Gas Treatment 
Linear responses of seedling length to 02 concentration were observed 
for both 12- and 24-hr treatments. The 24-hr seedling length was greater 
than the 12-hr lengths due to the staggered times that were used in the 
exposure-duration treatments. 
Dark Treatment 
Seedling length of the 12-hr, low-02 ($3%) treatments was less than 
that of the respective 24-hr treatments, and this again was evidence of 
the "stunting" effect of longer exposures. The 12-hr values were near 
l.Omm for all 02 concentrations $3%, and this suggested that exposure 
durations shorter than 12 hr would cause inadequate retardation of radicle 
growth. 
Seven-Day Recovery on Germination Blotter 
Hypocotyl length 
Hypocotyl length of only the 24-hr/0% 02 treatment was less than that 
of the control treatment. This was in contrast to the results of each of 
the three previous sections in which hypocotyl length of the 24-hr/0% 02 
treatment was not different from that of the control treatment. This 
difference may have due to experimental variability or deterioration of 
the seed. 
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Abnormal seedlin~ percenta~e 
Only the 24-hr/0% 02 treatment caused an abnormal seedling percentage 
that was greater than that of the control treatment, and this generally 
agrees with the results of the previous sections. In contrast to the 
results of previous sections, no increase in the percentage of abnormal 
seedlings was observed for any of the 12-hr/0% 02 treatments, and this 
indicated that the toxic effects of exposure to low-02 concentrations for 
12 hr are minimal. 
Five-Week Recovery in Plug Trays 
Shoot dry weight of the 24-hr/0% 02 treatment was less than that of 
the control treatment, and this agrees with hypocotyl-length and abnormal-
seedling percentage data, although it is in contrast somewhat to the 
results of the previous sections. Shoot dry weight of the 24-hr/1.5% 02 
treatment also was less than that of the control treatment, but this is in 
contrast both to seven-day recovery data of this experiment and to plug-
recovery data of Section III. This difference again may be due to a 
combination of experimental variation and seed deterioration. The lack of 
a patterned response by the 12-hr treatments indicated that short-term 
exposure to low-02 concentrations caused minimal long-term effects on 
seedling recovery. 
Bertani et al. (1980) and Karlovich (1989) both observed that the 
rate of ethanol production was greatest during the first 12hr after 
exposure of seeds to anaerobiosis and that a large percentage of the total 
ethanol that accumulated during anaerobiosis was accumulated during this 
time. No linear or quadratic response was observed for of any of the 
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three recovery parameters to gas-treatment 02 concentration. This 
indicates that the concentration of ethanol that may have accumulated 
during the 12-hr exposure treatments was not great enough to cause 
irreversible damage at any 02 concentration. 
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Table 1. Comparison of seedling length with l.Ornrn at the end of the dark treatment period and 
contrast of means with combined (0-hr) controlz. Pregerminated impatiens seeds were exposed 
to a given 02 concentration for 12 or 24 hr and then exposed to ambient air in darkness for 
24 hr. Only data from those treatments that have means not significantly greater than 1.0rnrn 
are presented 
Treatment 
Exposure duration 02 concn 
(hr) (%) 
12 0 
12 1 
12 1.5 
12 2 
12 3 
24 0 
24 1 
24 1.5 
24 2 
24 3 
Seedling length 
(rnrn) 
0.88 
0.97 
0.85 
0.96 
1.10 
0.56 
0.85 
0. 72 
0.87 
1.08 
zcontro1 treatment mean is 1.2lrnrn. 
Comparison with 1.0rnrnY 
t-va1ue P>F 
1.123 0.864 
-0.281 0.610 
-1.404 0.914 
-0.374 0.644 
0.936 0.179 
-4.119 0.999 
-1.404 0.914 
-2.621 0.993 
-1.217 0.883 
0.749 0.230 
YQne-tai1ed t-test used; error term is time rep x trt, 26 df. 
Contrast vs. contro1x 
F-va1ue P>F 
6.33 0.018 
3.35 0.079 
7.40 0.012 
3.57 0.070 
0.68 0.416 
24.11 <0.001 
7.26 0.012 
13.60 0.001 
6.63 0.016 
0.94 0.340 
xNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
00 
...... 
Table 2. Contrasts of hypocotyl length and percentage abnormal seedlings at the end of the seven-day 
recovery period on germination blotter with combined (0-hr) controlz. Pregerminated 
impatiens seeds were exposed to a given 02 concentration for 12 or 24 hr, then exposed to 
ambient air in darkness for 24 hr, and then exposed to ambient air in light for seven days. 
Only data from those treatments that have a mean seedling length not significantly greater 
than l.Omm at the end of the 24-hr dark treatment are presented 
Treatment Hypocotyl length Abnormal seedlings 
Exposure duration 02 concn Hypocotyl Contrast Abnormal Contrast 
length vs controlY seedlings vs control 
(hr) (%) (mm) F-value P>F (%) F-value P>F 
12 0 4. 77 1.03 0.320 4.17 0.16 0.694 
12 1 4.85 0.10 0.757 2.78 0.02 0.896 
12 1.5 4.96 0.36 0.552 3.47 0.02 0.896 
12 2 4.90 0.02 0.886 2.78 0.02 0.896 
12 3 4.97 0.47 0.498 2.08 0.16 0.694 
24 0 4.24 29.26 <0.001 19.44 38.78 <0.001 
24 1 4.91 0.04 0.842 5.56 0.86 0.362 
24 1.5 4.79 0.59 0.447 5.56 0.86 0.352 
24 2 5.04 1. 73 0.200 5.56 0.86 0.362 
24 3 4.93 0.17 0.688 6.94 2.12 0.157 
zcontrol means are: hypocotyl length, 4.89mm; abnormal seedlings, 3.13%. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
(X) 
N 
Table 3. Contrasts of dry weight/shoot at the end of the five-week recovery period in plug trays with 
combined (0-hr) controlz. Pregerminated impatiens seeds were exposed to a given 02 
concentration for 12 or 24 hr, then exposed to ambient air in darkness for 24 hr, and then 
transplanted into plug trays and grown for five weeks in the greenhouse. Only data from 
those treatments that have a mean seedling length not significantly greater than 1.0mm at 
the end of the 24-hr dark treatment are presented 
Treatment Dry weight/shoot 
Exposure duration 02 concn Dry weight Contrast vs contro1Y 
(hr) (%) (g) F-va1ue P>F 
12 0 0.0485 3.76 0.064 
12 1 0.0541 0.01 0.932 
12 1.5 0.0549 0.03 0.862 
12 2 0.0483 3.96 0.057 
12 3 0.0487 3.54 0.071 
24 0 0.0386 27.51 <0.001 
24 1 0.0511 1. 22 0.280 
24 1.5 0.0471 5.82 0.023 
24 2 0.0520 0.65 0.428 
24 3 0.0504 1. 73 0.200 
zcontrol treatment mean is 0.0544g. 
YNonorthogonal, single degree-of-freedom contrasts; error term is time rep x trt, 26 df. 
00 
w 
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Seedling length (mm) 
2r-----~----~--------------------------------------. 
1.5 
1 
0.5 
2 4 6 8 10 12 14 16 18 20 
Oxygen concentration (%) 
Fig. 1. Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the gas treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 12-
hr (0) Y = 0.044 + 0.054(X)- 0.00l(X2 ), P>F: L, <0.001; Q, 
0.180; LOF, 0.291; and 24-hr (~) Y = 0.037 + O.lOl(X) -
0.002(X2). P>F: L, <0.001; Q, 0.147; LOF, 0.914. Error term is 
time-rep x oxy, 10 df 
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Seedling length (mm) 
4r-----~~--~-----------------------------------------, 
3 
2 
1 
0~--~-----L----~----~----L---~-----L----~----~--~ 
0 2 4 6 8 10 12 14 16 18 20 
Gas-treatment oxygen concentration (%) 
Fig. 2. Effect of 02 concentration on seedling length of pregerminated 
impatiens seeds at the end of the dark treatment period. Each 
symbol represents the mean of 9 replications. Equations are: 12-
hr (0) Y- 0.85 + 0.06(X) - 0.0002(X2 ), P>F: L,<O.OOl; Q, 0.935; 
LOF, 0.517; and 24-hr (V) Y = 0.58 + 0.16(X) - 0.0003(X2), P>F: 
L, <0.001; Q, 0.930; LOF, 0.756. Error term is time-rep x oxy, 
10 df. Control [(D) 0-hr pregerminated seeds] is the mean of 18 
replications 
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Hypocotyl length (mm) 
7~~----~----~---------------------------------------. 
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0~--~----~----~--~----~----~--~-----L----~--~ 
0 2 4 6 8 10 12 14 16 18 20 
Gas-treatment oxygen concentration (%) 
Fig. 3. Effect of 02 concentration on hypocotyl length of pregerminated 
impatiens seeds at the end of the seven-day recovery period on 
germination blotter. Each symbol represents the mean of 9 
replications. Equations are: 12-hr (0) Y = 4.78 + 0.08(X) -
0.003(X2 ), P>F: L, 0.064; Q, 0.199; LOF, 0.880; and 24-hr (v) Y = 
4.43 + 0.26(X) - O.Ol(X2). P>F: L, <0.001; Q, 0.002; LOF, 0.033. 
Error term is time-rep x oxy, 10 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 18 replications 
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Abnormal seedlings (%) 
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40 
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Gas-treatment oxygen concentration (%) 
Fig. 4. Effect of 02 concentration on the percentage of abnormal 
seedlings of pregerminated impatiens seeds at the end of the 
seven-day recovery period on germination blotter. Each symbol 
represents the mean of 9 replications. Equations are: 12-hr (0) 
Y = 4.04- 0.73(X) + 0.04(X2 ), P>F: L, 0.919; Q, 0.453; LOF, 
0.984; and 24-hr (V) Y- 14.77 - 4.54(X) + 0.20(X2), P>F: L, 
0.015; Q, 0.004; LOF, 0.023. Error term is time-rep x oxy, 10 
df. Control [(D) 0-hr pregerminated seeds] is the mean of 18 
replications 
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Dry weight/shoot (g) 
0.06~~--~~--------~-------------------------------. 
0.04 
0.03 I-···························································· 
0.02 
0.01 
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Gas-treatment oxygen concentration (%) 
Fig. 5. Effect of 02 concentration on shoot dry weight of pregerminated 
impatiens seeds at the end of the five-week recovery period in 
plug trays. Each symbol represents the mean of 9 replications. 
Equations are: 12-hr (0) Y = 0.0516- 0.0005(X) - 0.00003(X2), 
P>F: L, 0.348; Q, 0.666; LOF, 0.243; and 24-hr (V) Y = 0.0419 + 
0.0044(X) - 0.0002(X2 ), P>F: L, 0.125; Q, 0.002; LOF, 0.040. 
Error term is time-rep x oxy, 10 df. Control [(D) 0-hr 
pregerminated seeds] is the mean of 18 replications 
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SUMMARY AND DISCUSSION 
Exposure of pregerminated impatiens seeds to atmospheres that 
contained 10 or 13% 02 for 24 or 48hr permitted radicle elongation that 
was comparable to that of ps exposed to 20% 02 • These results are 
consistent with those of Siegel and Rosen (1962) who observed that 
subatmospheric 02 concentrations could support the growth of several 
species after emergence and that radicle growth of cucumber seedlings 
grown in 10% 02 was equal to that of seedlings grown in atmospheric 02 . 
In contrast, Eavis et al. (1971) observed that radicle elongation of pea 
seedlings was directly proportional to 02 concentration over the range of 
2 to 16% 02 • These different 02 requirements might be related to the 
differences in the 02 diffusion coefficients of the different seeds, or 
they may be due to other physical phenomena. 
The decreased radicle elongation observed at low 02 concentrations 
may be due to decreased ATP production during the various germination 
events. Oxygen is the terminal acceptor in the electron transport system, 
and if 02 is limiting, electron transport may be slowed by reduced 
oxidation of NADH to NAD+. Because ATP production via oxidative 
phosphorylation is dependent upon the establishment of a pH gradient 
during electron transport, ATP production may be decreased in tissues that 
are exposed to low 02 concentrations (Salisbury and Ross, 1985). 
Karlovich (1989) showed that exposure of germinating impatiens seeds 
to 3% 02 caused almost total inhibition of germination. Conversely, I 
observed that seedling length responded positively and linearly to 02 
concentrations of 1 to 3%. This suggests that later (postgerminative) 
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growth processes are not as sensitive to low-02 conditions as are the 
early germinative processes. Impatiens seeds contain large amounts of 
fats (Karlovich, 1989) and it is known that this type of seed is more 
sensitive to low 02 concentrations than are starchy seeds (Al-Ani et al., 
1985; Raymond et al., 1985), presumably because mobilization of fatty 
reserves proceeds via the p-oxidation pathway, which is 02-(i.e., ATP) 
dependent (Goodwin and Mercer, 1983). The major products of lipid 
mobilization are hexoses and sucrose, which can be redistributed 
throughout the growing seedling (Bewley and Black, 1985). The decreased 
sensitivity of pregerminated impatiens seeds to low-02 concentrations, 
when compared with that of dry seeds, may be related to the availability 
of sucrose and hexose for metabolism via glycolytic pathways. In 
addition, impatiens seeds have a "woody" seed coat with a semipermeable 
layer inside the seed coat (Atwater, 1980), and this may decrease 02 
diffusion into dry seeds as compared with 02 diffusion into pregerminated 
seeds. 
Exposure of ps to 0% 02 generally caused subsequent permanent damage 
to seedlings, and the extent of damage was greater with the 48-hr exposure 
duration than it was for the 24-hr exposure duration. Permanent damage to 
seedlings also was observed for 48-hr/1 and 1.5% 02 treatments. Other 
investigators have reported similar impaired seedling growth (Barclay and 
Crawford, 1981; 1982; Crawford and Zochowski, 1984) or decreased 
germination (Al-Ani et al., 1985; .Karlovich, 1989) of seeds that were 
exposed to anaerobic environments. 
Damage to the seedlings may have been caused by accumulation of 
ethanol. Ethanol is a product of anaerobic respiration, and it 
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accumulates in many species of seeds upon exposure to anaerobic conditions 
during germination (Rumpho and Kennedy, 1981; Ellerton and Perry, 1983; 
Karlovich, 1989). Karlovich (1989) showed that impatiens seeds exposed to 
anaerobic conditions during germination steadily accumulated ethanol and 
only reached a stable ethanol concentration after 96hr. This same pattern 
of ethanol accumulation was observed for three-day old rice seedlings 
(Bertani et al., 1980). 
It was hypothesized (McManmon and Crawford, 1971; Crawford, 1977) 
that plants that are tolerant of low-02 environments limit the Pasteur 
effect and produce less ethanol than intolerant plants. In contrast, 
Jackson et al. (1982) concluded that ethanol plays only a minor role in 
flooding injury to plants, and they suggested that tolerance to low-02 
environments may be related to the development of morphological 
characteristics such as arenchymous channels. Bertani et al. (1980) 
suggested that tolerance of rice seedlings to low-02 environments is 
related to the ability of the plant to excrete ethanol to the surrounding 
environment. A similar ability to excrete ethanol to the surrounding 
medium was observed in Echinochloa crus-galli seedlings (Rumpho and 
Kennedy, 1981). 
In this research, the greater damage associated with low-02/48-hr 
treatments when compared with 12- or 24-hr treatments probably was due to 
a greater concentration of ethanol in ps exposed for 48hr. Cossins (1978) 
demonstrated that accumulated ethanol could be metabolized upon exposure 
to aerobic conditions. Karlovich (1989) demonstrated that ethanol that 
had accumulated during a 120-hr exposure to N2 was decreased to a 
concentration similar to that of seeds that were germinated in air within 
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24hr after switching the gas composition to that of ambient air. 
Pregerminated seeds that were exposed to 0 to 2% 02/48-hr treatments and 
0% 02/24-hr treatments may have accumulated ethanol to a concentration 
that caused irreversible damage. In contrast, ethanol accumulation in 
other treatments (i.e., greater 02 concentrations) was probably at a 
lesser concentration and could be metabolized upon reestablishment of 
aerobic conditions. Certainly, future research should explore the ethanol 
content of abnormal seedlings produced by the conditions that were used in 
this research. 
In general, exposure of ps to low-02 atmospheres increased abnormal 
seedling percentage. Abnormalities included, among others, thickening and 
curling of stems and loss of normal geotropic growth. Similar symptoms 
were observed by Kawase (1981) in waterlogged plants, and the 
manifestation of these symptoms was attributed to ethylene formation 
and/or action. At low 02 concentrations, ethylene synthesis is inhibited 
because 02 is required for the conversion of 1-aminocyclopropane-1-
carboxylic acid (ACC) to ethylene, and this results in the accumulation of 
ACC (Yang and Hoffman, 1984). Upon reestablishment of aerobic conditions 
the accumulated ACC is converted rapidly to ethylene, and this rapid 
production of ethylene, rather than the accumulation of ethanol, could 
explain the abnormalities that were observed in the present study. 
The best combination of ability to control radicle length and low 
propensity f~r damage to seedlings was observed with atmospheres that 
contained 1 to 2% 02 . It is possible that this range of 02 concentrations 
is close to the anaerobic compensation point [the 02 concentration at 
which evolution of C02 is minimal (Boersig, 1988)], and if this is the 
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case, treatment of ps at these 02 concentrations may result in minimal 
ethanol production because anaerobic respiration has been minimized. 
Boersig (1988) observed with pear fruits that during prolonged 
anaerobiosis the anaerobic compensation point (ACP) gradually shifted to 
lower 02 concentrations. This suggests that our procedure could be 
modified by exposing ps to a higher 02 concentration initially, e.g., 3%, 
and then gradually lowering the 02 concentration to 1%. This may result 
in decreased damage to seedlings while it still would allow adequate 
control of radicle growth. Boersig also observed that the ACP decreased 
with an increasing 02 diffusion coefficient. This finding may have 
important implications in the eventual scale-up of the low-02 treatments. 
For example, if aerated glass columns as described by Taylor et al. (1978) 
were used to generate and treat ps, the 02 concentration would need to be 
adjusted along with the flow rate so that ps could be kept close to their 
ACP during the generation process. 
In general, these results indicate that low-02 treatments can be used 
successfully to control radicle elongation of ps during shipment. This is 
a necessary prerequisite to the development of commercial facilities that 
would generate pregerminated seeds for shipment to growers at remote 
locations. An efficient method of mechanically sowing pregerminated seeds 
also is needed. One approach that allows the sowing of moist ps is the 
use of a fluid-drilling apparatus (Currah et al., 1974; Ghate et al., 
1?84), but this method would require substantial modification before 
adoption with plug trays. Other investigators have sought to dry 
pregerminated seeds under controlled conditions so that conventional 
seeders could be used. Finch-Savage and McKee (1988) showed that 
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pregerminated cabbage seeds maintained viability and vigor after gradual 
drying at 20C, although conductivity values increased. McKee and Finch-
Savage (1989) demonstrated that treatment of low-moisture pregerminated 
rape seeds with ABA improved their longevity. It is possible that the 
low-02 treatment described in the present study could be followed by a 
drying treatment before shipment so that ps could be sown mechanically 
with conventional seeding equipment. Alternatively, a method might be 
devised that combined surface-drying ps after low-02 treatment with 
packaging in a container that contained a desiccant that gradually 
decreased moisture content during shipment. 
Additional research is needed to determine if other species, 
cultivars, and seed lots within a given cultivar respond to low-02 
treatments in a similar manner. In addition, the low-02 treatment needs 
to be incorporated into scaled-up procedures that would more closely 
approximate commercial production. These procedures would include 
generation and low-02 treatment of ps in aerated columns, separation of ps 
according to radicle size by specific gravity (Taylor et al., 1978), 
surface-drying before shipment, and mechanical sowing. Finally, the cost-
efficiency of these procedures must be determined. For cultivars that are 
characterized by both low germination percentage and low uniformity of 
germination, the number of seeds produced daily that had the desired 
radicle length would be small. Finch-Savage (1986) observed that slower-
germinating seeds produced fewer healthy seedlings than did faster-
germinating seeds. These findings imply that there is a practical limit 
to the number of days during which vigorous ps can be obtained. Because 
large quantities of seeds would be discarded for such cultivars, the cost 
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of producing ps for these cultivars might be prohibitively high. Gray et 
al. (1984) showed that priming parsnip seeds with polyethylene glycol 
before pregermination decreased the spread of emergence time and the 
variability in plant weight. Priming may improve the performance of many 
poor-germinating cultivars, and the determination of the efficacy of 
priming treatments in improving performance of ps should be a part of any 
scale-up procedure. 
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